The estimation of pesticide concentrations in surface water bodies is a critical component of the environmental risk assessment process required by regulatory agencies in North America, the European Union, and elsewhere. Pesticide transport to surface waters via deposition from off-field spray drift can be an important route of potential contamination. The spatial orientation of treated fields relative to receiving water bodies make prediction of off-target pesticide spray drift deposition and resulting aquatic estimated environmental concentrations (EECs) challenging at the watershed scale. The variability in wind conditions further complicates the simulation of the environmental processes leading to pesticide spray drift contributions to surface water. This study investigates the use of the Soil Water Assessment Tool (SWAT) for predicting concentrations of malathion (O,O-deimethyl thiophosphate of diethyl mercaptosuccinate) in a flowing water body when exposure is a result of off-target spray drift, and assesses the model's performance using a parameterization typical of a screening-level regulatory assessment. Six SWAT parameterizations, each including incrementally more sitespecific data, are then evaluated to quantify changes in model performance. Results indicate that the SWAT model is an appropriate tool for simulating watershed scale concentrations of pesticides resulting from off-target spray drift deposition. The model predictions are significantly more accurate when the inputs and assumptions accurately reflect application practices and environmental conditions. Inclusion of detailed wind data had the most significant impact on improving model-predicted EECs in comparison to observed concentrations.
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Evaluation of Watershed-Scale Simulations of In-Stream Pesticide Concentrations from Off-Target Spray Drift
Michael F. Winchell,* Naresh Pai, Benjamin H. Brayden, Chris Stone, Paul Whatling, John P. Hanzas, and Jody J. Stryker W ithin a watershed, spray drift deposition from aerial applications of pesticides to flowing waterbodies is an important exposure pathway (Groenendijk et al., 1994; Schulz et al., 2001; Gilliom, 2007) . Because drift is highly sensitive to a number of factors, field testing all potential meteorological and application scenarios is difficult (Bird et al., 1996; Hewitt, 2000; Teske et al., 2009) , and as a result, modeling has become an accepted means for assessing offsite transport of pesticides due to spray drift. The approach adopted by the USEPA for modeling of aquatic pesticide concentration is to assume maximum allowable applications rates, minimum intervals between applications, maximum wind speed permitted by the pesticide label, and a wind direction always blowing from the treated field to the receiving water body (USEPA, 2009) . These assumptions maximize the magnitude of the predicted pesticide concentrations, a common approach in screening-level environmental risk assessments. Similar approaches to risk assessment are undertaken in the European Union and other countries, where worst-case scenarios provide an initial screening assessment of exposure due to spray drift (FOCUS, 1997) . In particular, the prediction of pesticide concentrations in flowing water bodies has become increasingly important in assessing potential pesticide exposure for endangered species (USEPA, 2017), requiring that watershed-scale flowing water exposure models be developed and evaluated. Although screening-level modeling of pesticide spray drift contributions to aquatic exposure is designed to generate high-end (conservative) predictions, we are unaware of previous efforts aimed at quantifying the effect of this conservatism on exposure predictions at the watershed scale. Because overestimation of exposure can have detrimental effects, such as undue public concern and the establishment of expensive or unjustified mitigation requirements that undermine confidence in the risk assessment process (Ross et al., 2000) , understanding impacts of this conservatism on model predictions is needed.
In this study, we collected high-frequency monitoring data to evaluate the ability of the Soil and Water Assessment Tool (SWAT) model (TAMU, 2017) to predict daily average and annual maximum pesticide concentrations of malathion (O,Odeimethyl thiophosphate of diethyl mercaptosuccinate) in flowing water bodies where spray drift deposition is the dominant exposure pathway. This monitoring dataset was collected from streams in two watersheds within The Dalles region of Oregon, the details of which are provided in the accompanying supplemental material. The SWAT model has been identified from a pool of 36 models as one of the most appropriate for watershedscale simulation of pesticides (Quilbe et al., 2006) , has been used globally for watershed management and assessing agrochemical fate and transport (Borah and Bera, 2004; Gassman et al., 2007; Parker et al., 2007; Payraudeau and Gregoire, 2012; Arnold et al., 2012b; Mottes et al., 2014; Boithias et al., 2014) , and was recently used in higher tier pesticide ecological exposure risk assessments (Whitfied Aslund et al., 2017 ). An evaluation of its performance in simulating drift-driven pesticide concentrations is of current interest.
Malathion is an organophosphate used as an insecticide in agriculture, nurseries, outdoor residential areas, in pest eradication, and in public and animal health protection programs. Although malathion is lower in toxicity and less persistent than many other organophosphate pesticides, offsite deposition has been observed at significant distances from application areas (Turner et al., 1991; Sanders, 1995; FDEP, 1998; LeNoir et al., 1999; Newhart, 2006) . Malathion is used to control the Western cherry fruit fly (Rhagoletis indifferens Curran) during the summer dry season on ~95% of cherry (Prunus avium Linnaeus) orchards in The Dalles region ( J. Shearer, personal communication, 2014) , making malathion use in The Dalles suitable for this type of modeling assessment. This study evaluates SWAT pesticide transport simulations by incrementally incorporating additional details regarding ultra-low-volume applications of malathion and wind data. The primary objectives of this study were: (i) to evaluate if the SWAT model is capable of accurately predicting annual maximum concentrations of malathion in a flowing water body at the watershed scale when exposure is from off-target spray drift, (ii) to assess the potential for overprediction of malathion annual maximum concentrations when the model is parametrized using screening-level spray drift deposition assumptions, and (iii) to quantify the changes in SWAT model performance in predicting malathion concentrations on the basis of parameterizations with increasingly detailed site-specific data.
Materials and Methods
We started with a screening-level parameterization of the spray drift contributions to each receiving water body and then incrementally incorporated detailed site-specific application and wind data over a series of six SWAT parameterizations to quantify the differences in model predictions. The field phase of this study collected high-frequency stream samples of malathion concentration and application data during the 2015 cherry fruiting season in two watersheds having high malathion use on cherry orchards within The Dalles region of Oregon (Supplemental Section S1). This field effort collected subdaily malathion surface water concentrations and subdaily flow rates over the course of one spray application season (Supplemental Sections S2, S3, and S4), as well as the acquisition of a complete record of location and timing for all malathion applications (Supplemental Section S5). This field effort allowed for a detailed characterization of conditions associated with every malathion application occurring within each watershed, enabling a more accurate parameterization of spray drift models linked to SWAT. During the study period, rainfall totals were negligible (Supplemental Section S6), eliminating chances of runoff transport of malathion to the streams.
Study Area Description
We selected two watersheds near The Dalles (Supplemental Fig. S1 ) to evaluate a watershed-scale drift simulation approach using SWAT. We chose these watersheds based on the high cherry orchard area and the high malathion use intensity occurring during the dry season (May-August) (Supplemental Section S1). The Mill Creek and the Threemile Creek watersheds ranked in the 99th percentile nationally for predicted malathion concentrations according to Breton et al. (unpublished data, 2016) , indicating high vulnerability to runoff-transported pesticide based on the Watershed Regressions for Pesticides for Multiple Pesticide model (WARP-MP) (Stone et al., 2013 
Data

Stream Monitoring
A targeted monitoring study was designed to measure chemical concentrations near the outlets of Mill Creek and Threemile Creek during the malathion application period. Stream level and velocity was measured at roughly 5-min intervals (Supplemental Sections S2 and S3, Supplemental Fig. S2 ), and rating curves were developed to determine the relationship between stage, velocity, and flow rate. Chemical sampling commenced before malathion applications began and continued until after the last applications (Supplemental Table S1 ). Daily average malathion concentration showed high variability, with the highest daily average concentrations of 0.21 and 0.14 mg L −1 in Mill Creek and Threemile Creek, respectively (Supplemental Sections S2 and S4, Supplemental Fig. S3 ). The peak-detected concentrations (from a sample taken over 9 min and representative of an instantaneous concentration) were 1.03 and 0.46 mg L −1 in Mill Creek and Threemile Creek, respectively (Supplemental Tables S2 and S3 ).
Malathion Application Data
The local malathion applicator provided chemical application data for the 2015 season (Supplemental Section S5, Supplemental Table S4 ). The applicator is the only provider of such service within the study area, which ensures that all applications were accounted for. Spatial application data consisted of approximate boundaries of all fields treated. Temporal data for each application included: (i) date, (ii) field code, (iii) sprayed area, (iv) applied volume, and (v) start and end time.
Over the 2015 season, 348 applications were made on 41 unique days over 122 fields. In total, 6510.5 kg of the active ingredient was applied, with 58 and 42% applied in Mill Creek and Threemile Creek, respectively. The daily application mass ranged from no application to 318 kg a.i. d −1 .
Model Description
The Soil and Water Assessment Tool is a process-based, semidistributed watershed model that has been used in a broad range of hydrologic and water quality applications (Gassman et al., 2007) . It was developed at the Grassland, Soil and Water Research Laboratory of the USDA-ARS (Arnold et al., 1998) and adopted by the USEPA in the BASINS package . The USEPA recently incorporated SWAT into the hydrologic and water quality system, a national-scale modeling system (Yen et al., 2016) . User manuals for SWAT (Neitsch et al., 2011; Arnold et al., 2012a ) offer a detailed description of the model, and its broad range of applicability has been discussed in other works (Borah and Bera, 2004; Gassman et al., 2007; Arnold et al., 2012b) . The landscape pesticide processes in SWAT are based on the Groundwater Loading Effects of Agricultural Management Systems (GLEAMS) model (Leonard et al., 1987) , whereas the in-channel pesticide processes were adopted from Chapra (1997) . The SWAT model run time is largely governed by the landscape components, which have greater complexity than the channel components. In the case of the Mill Creek and Threemile Creek SWAT models, run time for a 1-yr simulation was a few seconds.
The AgDRIFT model (Teske et al., 2002 ) was used to simulate offsite pesticide spray drift deposition onto the two streams modeled. The model is used by the USEPA to predict aquatic and terrestrial pesticide exposure in ecological risk assessments conducted during the pesticide registration process (USEPA, 2013). The AgDRIFT model includes lower tier regression models for predicting spray drift with minimal input requirements and a higher tier mechanistic model that allows for more specific parameterization of environmental conditions and pesticide application characteristics. The higher tier (Tier III) model in AgDRIFT was used in this study.
Simulation of Pesticide Spray Drift in SWAT
Pesticide spray drift has not been a focus of the majority of previous SWAT studies. One exception is Holvoet et al. (2008) , where the SWAT code was modified to allow direct deposition of pesticide mass to the main channel. A portion of the field application rate was assumed to be lost from the target area and contribute toward pesticide mass in the main channel as direct losses. The direct losses were estimated as follows:
where direct_loss is the amount of pesticide lost through drift (mg), app rate is the pesticide application rate (kg ha −1 ), AP_EF is the pesticide application efficiency (which accounts for application system losses), area river_reach is the area of the receiving water body that receives the drift (m 2 ), and Drift is the mean (integrated) drift deposition over surface waterbodies. Holvoet et al. estimated Drift using a regression model derived from field data (Ganzelmeier et al., 1995) . In their study, Holvoet et al. (2008) noted that when more specific information concerning application conditions is available, more detailed approaches (including mechanistic models) can be used for the Drift calculations.
Estimating the area of the river reach that receives drift (area river_reach ) is complex within the SWAT framework. Pesticide applications are made to homogeneous landscape units called hydrologic response units (HRUs), which are fragmented areas within the watershed (Pai et al., 2012) . To simplify the calculations for the water body area in the vicinity of the HRUs, Holvoet et al. (2008) assumed that HRUs are contiguous and square shaped. The area of the river reach was estimated using Eq. [2]:
where area hru is the HRU area (km 2 ), and W is the channel width (m). A limitation of this approach is that HRU boundaries are rarely square shaped, and the actual distance from an HRU to a water body will vary along the edge of the HRU. The simplified assumption for HRU shape and orientation leads to under-or overestimated drift contributions. In this study, we developed a spatially explicit approach using actual HRU boundaries to calculate the receiving water body area within several discrete distance bands from the HRU and applied corresponding integrated drift fractions to calculate drift deposition specific to the given HRU's geometry relative to the receiving water body.
Determination of Potential Drift-Receiving Water Body Areas
Calculating HRU-specific potential drift deposition required spatial representation of receiving water bodies associated with each HRU and an analysis of the water body proximity. The NHDPlus dataset (McKay et al., 2012) classified Mill Creek as a perennial stream and Threemile Creek as an intermittent stream. In the baseline SWAT model, we assigned nominal channel widths of 4 and 2 m for the perennial and intermittent stream, respectively.
From the potential drift-receiving water bodies described above, we computed areas falling within an HRU's potential drift deposition zones. We used proximity to determine the water body area that could potentially receive drift. Local regulations restrict applications with aerial equipment within 91.4 m (300 ft) of water bodies; we therefore "buffered" stream surface areas by 91.4 m and clipped the HRUs to account for this restriction. We calculated the HRU-specific water body driftreceiving areas within three discrete proximity zones: 91.4 to 120, 120 to 200, and 200 to 400 m. The hypothetical example in Fig. 1 shows that the two outer zones (120-200 and 200-400 m) overlap the buffered SWAT stream, indicating potential drift-receiving areas.
Drift Fraction and Drift Mass Calculation for Hydrologic Response Units
The drift mass deposited on water bodies from each HRU is calculated as: drift fraction of application rate ´ application rate ´ water area. A drift deposition curve for malathion aerial applications was calculated using the AgDRIFT model (Teske et al., 2002) to estimate drift deposition fractions as a function of distance (Supplemental Section S7, Supplemental Table S5 ). To account for the decreasing drift fractions with distance, we computed the drift mass in each proximity zone and summed over all zones. For example, drift mass for the idealized, hypothetical HRU in Fig. 1 . would be ´+ẃ A is the water surface area in zone i, and App rate is the application rate.
This can be rearranged to find an effective drift fraction (c) that is the average fraction, weighted by the water area in each distance zone:
where drift is the total drift mass applied to water body, and A w is the total water body area over all drift zones. Generalizing for the jth HRU with distance zones (i), the effective drift fraction over all zones is
where c j is the overall drift fraction for HRU j, c i is the average drift fraction for the ith distance range, and w ij A is the water body area in distance range i for HRU j. The c j may be thought of as the centroid of the segments of the drift curve that correspond to water body locations. The drift mass deposited onto water bodies from HRU j is then A A = ∑ is the total water body area receiving drift from HRU j. The methodology described above had the potential to result in situations where, for very small HRUs surrounded by relatively large water areas, the drift deposition on water was predicted to be greater than the amount of drift mass from the HRU. In these cases, the drift amount was capped to not exceed the mass generated by the applied area with a maximum drift fraction. Applying the maximum drift rate, the final expression (Eq. 
Baseline Model Setup
The SWAT subbasins were delineated using the user-defined subbasin option in the ArcSWAT (Version 2012.10_2.16) interface (Winchell et al., 2013; TAMU, 2017) with USGS 12-digit hydrological unit code watershed boundaries from the USGS Watershed Boundary Dataset (WBD, 2014) . Stream data were obtained from the National Hydrology Dataset (NHD) Flowline layer in the NHDPlus Version 2 dataset (McKay et al., 2012) . Topography, soil, and land use information were used to delineate the SWAT HRUs that received pesticide application. Topography was provided by the National Hydrography Dataset Plus V2 elevation layer (NHDPlusV2; McKay et al., 2012) . The USDA Soil Survey Geographic (SSURGO) database provided soil map unit boundaries (USDA-NRCS, 2005). Land cover was derived from the USDA National Agricultural Statistics Service Cropland Data Layer (Boryan et al., 2011) . The total number of HRUs in the baseline model for Mill Creek and Threemile Creek were 40 and 47, respectively.
We used daily streamflow measured at the outlet of each watershed to estimate flows at the upstream end of each stream (see Supplemental Section S8 for stream parameterization. These flows were provided as inputs to the model, ensuring that the model simulated streamflow at the outlet of each watershed matched the measured streamflow, minimizing potential errors in malathion concentration predictions due to flow uncertainty. The in-stream pesticide environmental fate portion of the SWAT model includes solid-liquid partitioning and chemical transformation processes, including degradation, settling, resuspension, and volatilization. These processes are explained in the SWAT Theoretical Manual, Chapter 8.4 (Neitsch et al., 2011 ). Malathion's environmental fate properties, required by SWAT for the in-stream process simulation, were derived from the most current and complete analysis of malathion fate properties (Reiss, unpublished data, 2013) . These values included a 3.4-d aerobic aquatic biolysis half-life, a 6.21-d hydrolysis half-life, a 7.5-d anaerobic aquatic half-life, and a soil-water partition coefficient of 217 mL kg −1 . A summary of key SWAT parameter values is provided in Supplemental Table S6 .
Scenario Parameterizations
We evaluated the baseline SWAT model in SWAT Parameterization 1 and then refined it sequentially over six parameterizations.
SWAT Parameterization 1: Screening Level
Parameterization 1 of SWAT represents the equivalent of a screening level, regulatory approach for modeling of aquatic pesticide concentrations at the watershed scale. This approach assumes maximum applications rates, minimum application intervals, maximum wind speed, and a wind direction always affecting the receiving water body, resulting in worst-case drift deposition fractions (USEPA, 2009). We estimated the mass of pesticide entering the main channel based on drift-deposition waterbody areas derived following the spatial analysis approach previously described and drift deposition fractions using the AgDRIFT 2.1.1 model assuming a maximum label-allowed wind speed of 4.47 m s −1 (10 mph) (further described in Supplemental Section S7). We assumed all potential use sites were treated with malathion on the same date each year (100% treated area). In Parameterization 1, we assume that a range of possible application dates (an application window) is known, but that the specific date within the window is unknown. To account for this uncertainty, multiple simulations were run where the first application date was set to each of the dates within the typical application window (May-July).
SWAT Parameterization 2: Actual Annual Application Data
Parameterization 2 of SWAT assesses improvements in SWAT predictions, given the known total chemical mass applied (per season) and an accurately defined application window. We aggregated application information provided by the applicator for the season to obtain a total annual application mass for each watershed. We assumed that the exact location of each application was unknown. Cherry orchard HRUs were randomly selected to receive applications at the maximum rate and maximum number of applications allowed by the label. The total mass applied in the watershed was capped according to the data from the applicator. Spray drift deposition to the main channel was modeled following the same approach as Parametrization 1 for the HRUs receiving applications.
Because the specific application locations (HRUs) and timing were unknown for this SWAT parameterization, we conducted 100 simulations by randomly selecting HRUs and application dates for each simulation, creating a unique combination of treated HRUs and application dates in each run. Each cherry HRU and date in the application window (May-July) had equal likelihood of getting selected in a simulation. The choice of 100 simulations to capture the variability in potential application patterns was based on the number of HRUs and application dates being sampled, and the purpose of this parameterization within the context of the study.
SWAT Parameterization 3: Detailed Field-Scale Application Data
Parameterization 3 of SWAT assesses model improvement when more spatially and temporally explicit application information (specific dates, rates, and locations) are incorporated. In addition to the parameters outlined in SWAT Parameterization 2, SWAT Parameterization 3 incorporated data on actual application dates and rates applied to specific fields. We reclassified cherry HRUs with field IDs and created HRUs linked to the specific fields receiving applications. This process enabled the 348 applications made during the 2015 season to be scheduled on the specific fields and dates when they actually occurred.
SWAT Parameterization 4: Observed Wind Direction
The direction and speed of wind during application influences the fate and transport of pesticide spray and potential deposition in waterbodies. We incorporated wind direction data as part of SWAT Parameterization 4. Five-to seven-minute wind measurements were available from 32 weather stations within the watershed. Measurements were aggregated to 15-min periods to determine a representative wind direction associated with the maximum wind speed during each application.
For each field, we identified a range of wind directions that could potentially contribute to spray drift according to the field location relative to the stream. The general flow direction of each stream is from southwest to northeast along a line extending from 260 to 80°. We classified all the fields in the watershed as either "northwest" or "southeast" fields according to their location relative to the stream (Supplemental Section S9, Supplemental  Fig. S4 ). For northwest fields, if the wind was blowing from a direction >260° but <80° during a particular application, and if the wind speed was greater than zero, we considered the application to be drifting (contributing drift to the stream). Similarly, for southeast fields, if the wind was blowing from a direction of <260° but >80°during a particular application, and if the wind speed was greater than zero, we considered the application to be drifting. Spray drift deposition fractions were modeled following the same approach as Parametrizations 1 to 3 for the HRUs receiving applications.
SWAT Parameterization 5: Observed Wind Speed
The effect of incorporating wind speed data into the model simulations was evaluated in Parameterization 5. We recalculated drift deposition fractions using drift curves modeled using actual wind speeds during the applications. To constrain the number of drift curves generated, observed wind speeds were rounded to the nearest 0.45 m s −1 (1 mph), resulting in drift evaluations at 0.45, 0.9, 1.35, 1.8, 2.7, and 6.3 m s −1 . We then multiplied the drift waterbody area for each drift zone with the corresponding drift fraction to calculate the application-specific drift fraction for each HRU.
SWAT Parameterization 6: Refined Stream Geometry
Stream surface area has an important impact on drift exposure potential. For SWAT Parameterizations 1 to 5, we used the estimated stream widths of 4 and 2 m for Mill Creek and Threemile Creek, respectively, to calculate the drift-receiving area. Parameterization 6 of SWAT improved the representation of stream geometry within the model, using actual measurements of stream width taken during the field study and requiring an update to the spatial analysis of HRU proximity to streams.
Similarly to Parameterization 5, drift fractions based on actual wind speeds were used. The Mill Creek average width ranged from 4.01 to 7.04 m, whereas the Threemile Creek average width ranged from 0 to 2.83 m.
Results and Discussion
Malathion concentration predictions improved from a 43.6-to 45.7-factor overprediction with the screening-level parameterization to a 1.0-to 1.8-factor overprediction at the most refined parameterization. The predicted and observed annual maximum concentrations for all parameterizations are presented in Table 1 . The model evaluation focused on the annual maximum 24-h average concentrations, as this quantity is used directly in regulatory pesticide ecological and human health risk assessments. We also provide statistics that evaluate the cumulative distribution to quantify the goodness of fit for all concentration percentiles. Each parameterization is described below.
SWAT Parameterization 1: Screening Level
Screening-level assumptions resulted in overpredicted daily mean concentrations for both waterbodies by a large margin. Based on orchard area in the watershed and maximum label application rates, the assumed application of 14,285 kg of malathion across the two watersheds was considerably higher than what the applicator reported (6398 kg). Maximum average daily concentrations measured in the Mill Creek and Threemile Creek were 0.21 and 0.14 mg L −1 , respectively, and maximum average daily concentrations simulated by this SWAT parameterization were 9.59 and 6.1 mg L −1 for Mill Creek and Threemile Creek, respectively. The comparison of cumulative distributions between the model-simulated and observed daily concentrations (Fig. 2) is for the period from 1 May to 31 July 2015.
SWAT Parameterization 2: Actual Annual Application Data
Parameterization 2 also overpredicts daily mean concentrations in both streams. A total of 6510.5 kg of the malathion was applied in the two watersheds during the 2015 application season. Given the cherry acreage within each watershed, we set the annual malathion applied to 3130.9 and 3379.6 kg for Mill Creek and Threemile Creek, respectively. This represents a significant decrease in mass of malathion applied to these watersheds compared with SWAT Parameterization 1.
The cumulative distribution of daily average malathion concentrations from the 100 simulations conducted to assess this parameterization is shown in Fig. 2 . The highest daily simulated malathion concentrations in Mill Creek and Threemile Creek were 5.6 and 3.9 mg L −1 , respectively. These concentrations are lower than SWAT Parameterization 1, but they are still more than an order of magnitude higher than observed annual maximum daily average concentrations, even though the total mass of malathion applied in each watershed was known. The RMSE of the cumulative distribution for Parameterization 2 dropped from 1.30 to 0.69 mg L −1 for Mill Creek and from 1.56 to 0.83 mg L −1
for Threemile Creek. 
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SWAT Parameterization 3: Detailed Field-Scale Application Data
Parameterization 3, which included site-specific application data (both spatial and temporal), continues to overestimate the measured pesticide concentrations. The cumulative distribution of daily average concentrations is shown in Fig. 2 . The highest daily average simulated concentration was 5.2 and 2.4 mg L −1 for Mill Creek and Threemile Creek, respectively, slightly less than the peak daily simulated concentration according to SWAT Parameterization 2 (Table 1) . Parameterization 3 did not improve the simulation for Mill Creek (RMSE increased) and resulted in a small improvement for Threemile Creek (RMSE dropped from 0.83 to 0.78 mg L −1 ). Although the maximum concentrations are lower according to SWAT Parameterization 3, the shape of the distribution is different, with concentrations higher than in SWAT Parameterizations 1 and 2 (particularly for Mill Creek) over portions of the distribution. The primary reason for this is that SWAT Parameterization 3 resulted in many more individual days with malathion applications occurring, limiting time windows without malathion drift.
The differences between measured and simulated malathion concentrations for Parameterization 3 indicate that a majority of the applications did not contribute drift to the streams. Two assumptions made in SWAT Parameterizations 1, 2, and 3 likely explain the source of model errors. First, we assume that the wind is always blowing at 4.47 m s −1 . This is not always the case, and in fact, applicators strive to make applications at wind speeds under 2.24 m s −1 to maximize the application efficacy. Second, we assume that the wind is always blowing in the direction of the stream, which is also inaccurate. Drift curves were refined using actual wind data in SWAT Parameterizations 4 and 5.
SWAT Parameterization 4: Observed Wind Direction
Parameterization 4 incorporated application-specific wind directions. Based on the location of the field and the wind direction during the application, only 22.4% of the applications had wind directions that resulted in drift contributions to the streams. This is still a high estimate because a large range of wind directions, originating from 260 to 80° (not just those that are perpendicular to the stream with maximum drift potential), were considered "drifting" applications. The cumulative distribution and daily time series results of removing nondrifting applications are shown in Fig. 3 and 4. Compared with those from SWAT Parameterization 3 (Fig. 2) , the simulated malathion concentrations are much lower, and the RMSE drops from 1.09 to 0.12 mg L −1 and from 0.78 to 0.17 mg L −1 for Mill Creek and Threemile Creeks, respectively. Making realistic assumptions about wind direction can considerably improve the performance of the model.
SWAT Parameterization 5: Observed Wind Speed
Inclusion of actual wind speed data predicted more accurate estimates of mean daily concentrations than previous parameterizations. After the removal of nondrifting applications, drift curves were regenerated using actual wind speeds occurring during drifting applications. The actual wind speeds during these applications ranged from 0 to 6.26 m s −1 . A majority (97%) of the drifting applications were made when wind speed was 1.79 m s −1 or less, with one application at 2.68 m s −1 , and one more at 6.26 m s −1 . About 21% of the drifting applications were made during very low wind speeds of close to 0 m s −1 . Cumulative distribution and time series comparisons between daily simulated and observed concentrations after actual wind speeds were incorporated are shown in Fig. 3 and 4, respectively. The model simulations are closer to the observations than the results from incorporating only wind directions (SWAT Parameterization 4). Between Parameterization 4 and 5, the RMSE was reduced from 0.12 to 0.01 mg L −1 and from 0.17 to 0.06 mg L −1 for Mill Creek and Threemile Creek, respectively. The Threemile Creek simulation shows a general overestimation during mid-to-late June.
SWAT Parameterization 6: Refined Stream Geometry
In SWAT Parameterization 6, which incorporates measurements of stream width to refine estimates of drift waterbody area, simulated concentrations increased in Mill Creek and decreased in Threemile Creek (Fig. 3 and 4) . Compared with the stream widths used in the baseline model setup, the stream widths were much greater in some sections of Mill Creek. For example, a large portion of the Mill Creek was measured at ~7-m width, compared with the 4 m assumed in the baseline model. In contrast, the width of Threemile Creek was narrower than the 2-m width in the baseline model. A larger stream area results in both greater potential for intercepting drift and in a higher drift fraction for the exposed area due to a closer proximity to the application area. Compared with Parameterization 5, the model did not perform as well for Parameterization 6 for Mill Creek (RMSE increased from 0.01 to 0.03 mg L −1 ), but this reduction in performance is minor. The model 
Conclusions
This study has shown that the SWAT model is a suitable tool for simulating watershed-scale flowing water concentrations of pesticides resulting from off-target spray drift, and that prediction accuracy improves as the quality of inputs and scientific basis for assumptions increases. We determined that a screening-level parameterization (SWAT Parameterization 1), typical of assumptions made in standard regulatory modeling in the United States, resulted in significant overprediction of malathion concentrations ranging from 43.6 to 45.7 times higher than the observed concentrations. A step-wise approach of incorporating increasingly site-specific data into the model showed that the greatest performance improvements occurred with the addition of wind speed and direction data into the model. When site-specific wind data are unavailable, a probabilistic approach that captures uncertainty in wind speeds and directions also has the potential to result in more realistic stream concentration predictions from off-target spray drift deposition. These findings demonstrate the importance of accounting for watershed-scale environmental variability, including landscape and meteorological conditions, when simulating drift-driven pesticide estimated environmental concentrations (EECs). When appropriately parameterized, the modeling approach evaluated here was shown to accurately simulate malathion concentrations in streams resulting from spray drift deposition and has the potential to contribute to better informed regulatory decision making. 
